Abstract-A class of frequency-agile planar duplexers with independently controllable channels in terms of center frequency, passband-width, out-of-band power-attenuation characteristics, and tune-all transfer-function capabilities is reported. Each channel filter is made up of frequency-reconfigurable resonators that are coupled to its direct input-to-output electrical path through static impedance inverters and generate power transmission zeros (TZs). Thus, the duplexer channels are exclusively reconfigured by means of dynamic TZ allocation. Furthermore, the channel filters can be intrinsically switched-OFF by incorporating a bandstop-filtering function into them. The operational principles of this spectrally adaptive duplexer concept are expounded and experimentally demonstrated through the manufacturing and characterization of a microstrip prototype in the UHF range.
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I. INTRODUCTION
W ITH the proliferation of multistandard and spectrally agile RF wireless systems, the development of reconfigurable microwave electronics is acquiring a growing importance [1] . Tunable filtering devices are key highfrequency components in these systems. Note that the adaptive signal-preselection function carried out by them directly affects the performance of the entire transceiver for any electromagnetic (EM) conditions in terms of desired RF signal to be processed and unwanted interferences to be suppressed. A particular class of these circuits are reconfigurable microwave duplexers for adaptive full-duplex frequency-multiplexed radios, in which the transmitter and receiver must simultaneously operate at different-and dynamically selectable-bands.
In the case of frequency-agile duplexers in planar technologies, only a very few number of architectures have been reported in recent years [2] - [5] . In [2] , a tunable-ringresonator-filter-based duplexer was proposed. Nevertheless, its channels showed limited discrete-type control and poor out-ofband power-rejection capabilities. The reconfigurable duplexer presented in [3] employs spectrally agile quasi-elliptic-type dual-mode bandpass filters in its branches. However, it exhibits small 3-dB bandwidth-tuning ratio (between 5.75% and 7%, i.e., of 1.22:1) and lacks of independent stopband-attenuation adjustment in its channels. The two tunable duplexers in [4] and [5] only have center-frequency control and do not show a sharp cutoff slope at one side of the passbands of the transfer functions of its channels due to the lack of close-to-passband transmission zeros (TZs) at that stopband. Moreover, none of these prior-art duplexers features intrinsic switching-OFF capabilities for one or both channel filters at the same time. This letter reports an original concept of fully tunable planar duplexers. It allows for independent continuous-type control of its channel filters in terms of center frequency, bandwidth, and stopband attenuation for both bandpass-and bandstop-filtering modes. Furthermore, no variable EM couplings are needed in its circuit structure so that such reconfiguration properties are obtained by only controlling the natural frequencies of its constituent resonators. The operational principles of the engineered tunable duplexer are detailed in Section II. For practical-demonstration purposes, an UHF microstrip prototype is developed and characterized in Section III.
II. THEORETICAL FOUNDATIONS
To expound the operational principles of the proposed fully reconfigurable duplexer, the particular scheme shown in Fig. 1(a) is considered. It consists of second-order channel filters. Nevertheless, this duplexer concept can be generalized to arbitrary-order channel filters by readily adding more TZ-creation cells into them. This allows to further enlarge the stopband bandwidth of the power transmission responses of its channels or increase their attenuation levels and sharpness of cutoff slopes-which permits to bring the channels closer to each other-when operating in bandpass-filtering mode. For the specific example in Fig. 1(a) , the duplexer channels are shaped by two TZ-generation cells that interact between them through a static EM coupling-realizable through a Z 0 -level impedance inverter (Z 0 is the reference impedance). Each of these TZ-creation cells-that were exploited in [6] to design adaptive-transfer-function evanescent-mode-cavityresonator bandpass/bandstop filters-is made up of two resonating nodes. These resonators are coupled to the same nonresonating node (NRN) through two different static Z 0 -level impedance inverters. Thus, two TZs are produced by each TZ-generation cell in the transfer function of its corresponding channel at the natural frequencies of its constituent resonators. As a result, a quasi-elliptic-type bandpassfiltering response with four TZs for each channel in the 1531-1309 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. particular scheme in Fig. 1(a) is synthesized. Note that the TZs of each cell result in a power transmission maximum in-between them. As such, for a bandpass-filtering response to be obtained in the transfer function of the overall channel, the power transmission maximums of its TZ cells need to be placed at the same frequency-i.e., the center frequency of the channel. This is shown in Fig. 1(b), in which f z1 , . . . , f z4 and f z5 , . . . , f z8 denote the TZ frequencies of the lower and upper channels, respectively. Furthermore, by making the resonating nodes frequency-controllable-and, consequently, their associated TZs-, a fully tunable duplexing action in terms of center frequency, passband-width, and stopband-attenuation levels for its channels is achieved. In particular, the passbandwidth of the channel filters is defined by the relative spectral spacing between the closest-to-passband TZs [i.e., f z2 and f z3 and f z6 and f z7 in Fig. 1(b) for the lower and upper channels, respectively]. On the other hand, the bandwidths of their lower and upper stopbands are determined by the outer TZs [i.e., f z1 and f z4 and f z5 and f z8 in Fig. 1(b) for the lower and upper channels, respectively]. It should be also emphasized that, for fixed TZ positions, broader passband-widths but reduced outof-band attenuation levels are obtained for bandpass-filtering modes as a higher value of the Z inv parameter in Fig. 1(a) is chosen.
As an increased level of spectral adaptivity with regard to previously published tunable duplexers, bandstop-filtering modes for one or the two channels can be reconfigured in the current duplexer approach. This is shown in Fig. 1(c) for the case in which the lower channel remains in bandpass-filtering operation, whereas the upper channel is set in bandstopfiltering mode. As observed, a bandstop-filtering functionality is realized in the upper channel-i.e., its intrinsic switching OFF-by placing the two TZs of one of its TZ-creation cells [ f z5 and f z6 in Fig. 1(c) ] at the passband center frequency of the other one. Similarly as for the bandpass-filtering mode, by tuning the TZs of the intrinsically switched-OFF cell, the bandwidth and power-rejection levels of its stopband can be adjusted in a dynamic fashion.
III. EXPERIMENTAL RESULTS
To confirm the practical viability of the proposed fully reconfigurable duplexer concept, a 50-microstrip prototype with tunable transmission bands within the UHF range has been designed, constructed, and measured. Following the duplexer scheme in Fig. 1(a) , its channel filters comprise two TZ-generation cells each that are composed of transmissionline-impedance inverters of 70-characteristic impedance and frequency-tunable resonators. These adjustable resonators, which consist of transmission-line segments of 50-characteristic impedance, are loaded with edge-grounded variable capacitors that enable frequency agility in the duplexer through their control. Note that different lengths were chosen for the sets of resonators in the lower-and upper channel filters-that are connected to the input node through a 50--line-impedance T-junction-to extend the frequencytuning range covered by them. Thus, in correspondence with the coupling-matrix diagram in Fig. 1(a) , the NRNs in this prototype are merely connecting points between the 50--impedance line segments that implement the static impedance inverters.
The layout and a photograph of the developed prototype are shown in Fig. 2 . For its fabrication, a Rogers RO4003C substrate with the following characteristics was selected: relative dielectric permittivity 3.55, dielectric thickness 1.52 mm, dielectric loss tangent 0.0027, and metal thickness 35 μm. As variable-reactance elements, mechanically adjustable 1-5-pF thin-trim trimmer capacitors from Johanson Manufacturing (part number: 9402-1SL-1)-Q > 1,000 at 100 MHzwere employed. The measured-with an Agilent E8361A network analyzer-S-parameters (in amplitude) of this prototype for one example state are plotted in Fig. 3 . The main RF performance parameters for the measured lower and upper channels, respectively, are center frequencies of 0.976 and 1.053 GHz, 3-dB absolute bandwidths equal to 23.1 and 24.4 MHz, minimum in-band power-insertion-loss levels of 3.7 and 2.6 dB, and in-band input power-return-loss levels of 13.5 and 22 dB. The measured minimum in-band power-isolation level between channels is 35 dB.
The measured reconfiguration capabilities of the manufactured circuit in terms of power transmission response for its channels are illustrated in Fig. 4 . In particular, independent center-frequency and bandwidth control for the lower channel whereas the upper one remains static is verified in Fig. 4 (a) and 4(b), respectively-note that similar features are attained for the upper channel when the lower one is fixed and that both channels could be positioned in a frequency-contiguous way (e.g., 25 MHz apart for 25-MHz 3-dB-bandwidth channels and minimum in-band power-matching/isolation levels of 10 dB). Fig. 4(c) demonstrates how the upper stopband-attenuation levels of the lower channel can be reconfigured, proving that higher power-rejection levels are obtained at the expense of a narrower stopband-width. Fig. 4(d) and 4(e) show the intrinsic switching-OFF of the lower channel and its stopband-width control when the upper channel is allocated in a different Fig. 4(d) ] and at the same [ Fig. 4(e) ] center frequency as the lower channel. This is achieved by distributing the TZs of the lower channel so that a bandstop-filtering function is incorporated into it. In addition, the simultaneous intrinsic switching-OFF of both channels and their stopband-width tuning is corroborated in Fig. 4(f) . To the best of the authors' knowledge, as summarized in the comparative Table I , this results in among the highest number of reconfiguration properties ever reported for frequency-agile duplexers with regard to prior-art approaches [2] - [5] Furthermore, such spectraladaptivity capabilities are attained without the need for EM variable couplings-i.e., the impedance inverters are staticin the duplexer. This gives rise to benefits in terms of ease of manufacturing, lower in-band power-insertion-loss levels for its channels, higher linearity, and reduced complexity.
IV. CONCLUSION
A duplexer with tune-all capabilities has been presented. Its channel filters are shaped by an input-to-output all-passtype electrical path with tunable resonators coupled to them through static impedance inverters to create controllable TZs. Thus, fully adaptive transfer functions for the duplexer channels in terms of center frequency, bandwidth, and attenuation profile are attained through dynamic TZ reallocation and without the need for variable EM couplings. This leads to lower in-band insertion-loss levels, especially for narrow-band states, and makes this duplexer approach well-suited for higherfrequency designs. The intrinsic switching-OFF of the channel filters is also feasible by setting a bandstop-type filtering response into them. These spectral-adaptivity features have been experimentally demonstrated through the development and measurement of an UHF-band microstrip prototype.
